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Thermal effectAbstract The present study investigates the effect of thermal and friction produced in the tube to
tube plate during the friction welding process by using a Tungsten carbide external tool. In this
process, the fictional welding of SA 213 tube and SA 387 tube plate was done by using an external
tool. Modeling of tool and wok piece is done by using Solid works and to study the thermal and
frictional effect by using Ansys. In this research work, joining of SA 213 tube to SA 387 tube plate
was done by using two different techniques such as with hole [WH] and without hole [WOH]. The
stress value of with hole and without hole such as 18,782 MPa and 10,486 MPa respectively and
the ultimate heat flux generated with hole and without hole such as 0.80475 W/mm2 and
1.1344 W/mm2 respectively were observed.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The material processing field has proved that tremendous
development in material fabrication processes in recent yearshas been witnessing. In this, friction welding is a vital metal
joining technique and applied in various industrial sectors such
as power plants, automobile, electronics, and aerospace. Fric-
tion welding of tube to tube plate is a new solid state joining
technology invented in the year 2006 [1] and it has many ben-
efits when compared to other type of welding process such as
fusion welding. Friction welding has a superior microstructure,
free from shielding gas, absence of common metallurgical
defects, filler materials, low residual stress, better dimensional
stability, energy efficient and versatile process, etc.; hence, it is
considered to be an excellent and eco-friendly technology in
recent days [2,3]. In FWTPET process, the tube and tube plate
is welded by the action of friction between the tool and the
work piece. Here heat is generated due to friction one over
Figure 2 FWTPET setup.
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another. Plastic deformation takes place on the upper surface
of the work piece and hence metal taking semi solid state is
produced at the interface and the pressurized metal is flowing
toward the center of tool axis [4]. The main process parameters
to be considered in FWTPET process are tool rotational
speed, shoulder diameter, depth, projection and clearance
between tube and tube plate. In this research, tube and plate
are prepared with two different conditions such as WH and
WOH and FWTPET welding process has been carried out
using vertical milling machine and to study the thermal and
frictional effect by using Ansys. In this process, the joining
of tube to tube plate was done by using two different tech-
niques with hole and without hole. The tool and work piece
are designed using Solid works modeling software to hit upon
the material deformation. In this research work, the numerical
investigation of WH and WOH of FWTPET process by using
Ansys and the comparison of each weld conditions such as
WH and WOH have been mainly focused on structural and
thermal analysis.
2. Experimental investigation
2.1. FWTPET process
The in-house-developed FWTPET arrangement used in the
present study is shown in Fig. 1. The FWTPET arrangement
includes a motor, spindle, table, tool holder and supporting
structure as shown in Fig. 1. FWTPET tool consists of body,
shoulder, and pin as shown in Fig. 2. The tool is moved toward
downward during rotation, and heat generation occurs due to
the friction when the shoulder touches the plate.
As the metal reaches the plastic condition, then the metal
flow takes place and flow toward the center of the tool axis.
The flow of metal occurs through the holes in the tube and itFigure 1 FWTPET machine (Developed In-House).occupies the clearance between the pin and inner diameter of
the tube. After certain interval of time, the tool is withdrawn.
The material movement is restricted using the cylindrical
pin, and forging of metal takes place between the tube and
the plate [5].
2.2. Tool design
The careful consideration should be followed in selecting the
both tool and the work piece. The material of the tool should
possess more Hardness than the work piece. The tool used for
this process is Tungsten carbide. The tool we used in this
research work is Tungsten carbide. The dimension of this tool
was 27 mm diameter and 170 mm in length. Initially facing
operation is done to make the surface of the tool smooth
and then turning is done to remove material to get the desired
tool shape. Fig. 3 shows the dimensions of the titanium tool
used in this work [6]. The chemical composition of Titanium
tool containing Carbon, Hydrogen, Iron, Nickel Palladium,
etc., is shown in Table 1
2.3. Work piece design
In this Research work, the two types of WELD conditions in
the work piece, one is the tube without hole and another one
is the tube with hole have been considered. The tube material
is SA 213 taken for this research and the chemical composition
of tube is shown in Table 2 and for the plate, the material is
chosen as SA 387 and its chemical composition is explained
in Table 3.
2.4. Types of work piece
2.4.1. Type 1: Tube without holes
The type 1 work piece is considered as SA 387 Tube plate with-
out hole [WOH] and the dimensions of tube plate are about
50 mm * 50 mm * 6 mm thickness. Fig. 4 shows the tube with-
out hole.
Figure 3 Tool dimensions in mm.
Table 1 Chemical composition of titanium tool.
Titanium carbide Element C H Fe O Ni Mo Ti V Pd
wt% 0.08 0.015 0.25 0.13 0.75 4.31 0.4 4.5 0.20
Table 2 Chemical composition of SA 213 tube.
SA 213 Element Mn Cr Mo Ni Cop Ti Fe
wt% 0.51 1.46 0.42 0.046 0.044 0.090 97.1
Table 3 Chemical composition of SA 387 GR 11 PLATE.
SA 387 Element Mn Cr Mo Va Ti Fe
wt% 0.75 1.55 0.38 0.041 0.087 96.7
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The type 2 work piece is considered as SA 213 Tube with hole
[WH] and the dimensions of tube are outer diameter 21 mm,
inner diameter 16.3 mm and length 32 mm. Fig. 5 shows the
tube with hole.
2.5. Modeling & Finite Element analysis (FEA)
2.5.1. Modeling
The tool, tube plate and tube have been modeled and devel-
oped by using solid works designing software (SOLID-
WORKS, 2014). The both Solid modeling of Tube to Tube
plate without hole and with hole are shown in Figs. 6 and 7
respectively. In both conditions, coordinate system is given
as default, temperature is considered to be atmospheric tem-
perature, contact detection between the tube and plate is given
as trajectory which work piece is moving under the exploit of is
upward forces.2.5.2. FEA
In this work, Ansys analysis software is used to conduct finite
element analysis for the solid material [ANASYS 14.5, 2014].
In frictional effect, the type of physics and analysis type is
taken as structural and explicit dynamics module. In thermal
effect, the type of physics and analysis type is considered as
thermal and steady state module. For both conditions, the
initial temperature was taken as 22 C. The rotational speed
of the tool is 1500 rpm for both WH and WOH.
3. Results and discussions
The experiment investigation has been done for two conditions
such as type 1 and type 2. In which, type 1 is a flat plate with
plain tube and type 2 is flat plate with tube having holes on its
inside edge. In both conditions, the frictional and thermal
effect has been calculated and results have been examined in
each separately.
3.1. Type 1 – Flat plate with plain tube
First the welded tube and plate have been meshed well each
other with the tungsten carbide tool as per default conditions.
All the values are in the metric unit systems. Fig.8 shows the
total mesh being with both work piece and the tool. From this
structure, we have determined the frictional and thermal effect
for the type 1 conditions.
3.1.1. Type 1 – Frictional effect
Friction is both a necessity and a disadvantage in engineering
design. There is a relative motion between the two materials
when they are in contact with each other produced by the com-
bination of linear displacement tangential to the contact plane,
angular displacement with respect to a tangential axis and
angular displacement with respect to normal axis [7,8].
Figure 4 Tube without hole.
Figure 5 The tube with hole.
Figure 6 Tube without hole. Figure 7 Tube with hole.
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Figure 8 Fully meshed-tool and the work piece.
Graph 1 Variation b/w stress and time.
Figure 10 Stress over the tube plate.
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Fig. 9 shows the Frictional effect on all over the tube. The
value of about 1703.4 MPa and 4754.3 MPa was recorded
for the minimum and maximum value respectively for equiva-
lent stress across its structure. Graph 1 shows the variation of
effect over the period of the time. Time is measured in seconds
in x axis where else stress is calculated in MPa in Y axis.
The Frictional effect has been analyzed for combination of
tube with tube plate. Fig. 10 shows the Frictional effect on all
over the tube. In this case, there will be increase in real contact
with respect to time, due to the fact that some asperities are
pushed together. Due to the frictional effect, the more shearing
of work piece will take place at junctions. The values of about
0 MPa and 10,486 MPa were recorded for the minimum and
maximum values respectively for equivalent stress across its
structure. Here the center surface of the tube has high value
of equivalent stress in its surface. Graph 2 shows the variation
of effect over the period of the time. Time is measured in sec-
onds in x axis where else stress is calculated in MPa in Y axis.Figure 9 Stress over the tube.Due to the sheer force, the deformation of material takes
place to the properties of materials changes over the period
of time. At the junction of tube and tube plate, the inelastic
deformation takes place and deformation keeps on increasing
from its point of contact. The total deformation has been
recorded for the combination of tube and tube plate by analyz-
ing Frictional effect. Fig. 11 shows the total deformation on all
over the tube and tube plate. The total deformation of
0.57746 mm was recorded for its structure. Graph 3 shows
the variation of effect over the period of the time. Time is mea-
sured in seconds in x axis where else stress is calculated in MPa
in Y axis.
Hence finally, the equivalent stress has been recorded for
whole structure with tool and the work piece. The point of
contact between tool, tube and tube plate has more frictional
effect due to changes of material behavior due to various
forces acting on the same point. The bonding between the var-
ious atoms gets distributed and hence bonding strength
between these atoms gets decreased; there is a clearance for
Graph 2 Variation b/w stress and time.
Figure 11 Stress over the tube and tube plate.
Graph 3 Variation b/w stress and time.
Figure 12 Stress over the tube and tube plate.
Table 4 Equivalent stress values due to frictional effect for
type 1 condition.
Type Equivalent stress (MPa) Total
deformation
(mm)
Tube Tube plate
and tube
Work piece
with tool
1 Min 1703.4 0 0 0
Max 4745.3 10,486 10,486 0.57746
106 S. Pandia Rajan et al.crack to take place on the contact surface. Fig. 12 shows the
frictional effect of equivalent stress on all over the tool and
work piece. The value of about 0 MPa and 10,486 MPa was
recorded for the minimum and maximum values for equivalent
stress across its structure [9,10]. Here the center surface of
the tube and tool has high value of equivalent stress in its
surface.
The overall values have been recorded due to frictional
effect on tube, tube plate and work piece with tool and also
total deformation on work piece has been shown in Table 4.
3.1.2. Type 1 – Thermal effect
A thermal analysis calculates the temperature distribution and
related thermal quantities in a system or component. Typical
thermal quantities of interest are the temperature distributions,
the amount of heat lost or gained thermal gradients and ther-
mal fluxes. These are caused by a rearrangement of internal
energy in the work piece. The thermal effects are calculated
by temperature variation forced on the work piece from
outside or due to internal process [11].3.1.2.1. Temperature distribution. In this investigation, we have
calculated the temperature over the surface and the heat flux
produced in the tool and the work piece. In Fig. 13 only tube
plate has been considered for calculating the temperature and
it explains the temperature of minimum and maximum values
of 1337.2 C and 1503.3 C respectively. In Fig. 14, only tube
has been considered for calculating the temperature and it
explains the temperature of minimum and maximum values
Figure 13 Temperature distribution around tube plate. Figure 14 Temperature distribution around the tube.
Figure 15 Temperature distribution around both tube and tube
plate.
Figure 16 Temperature distribution all over the tool and the
work piece.
Investigation on thermal and friction effect 107of 1119.7 C and 1500 C respectively. In both cases, the tem-
perature was maximum at its center and temperature decreases
when it moves away from the center of the work piece.
In Fig. 15, both tube and tube plate have been considered
for calculating the temperature and it explains the tempera-
ture of minimum and maximum value of 1119.7 C and
1503.3 C respectively. In Fig. 16, whole tool and work piece
have been considered for calculating the temperature and it
explains the temperature of minimum and maximum value
of 768.72 C and 1503.3 C respectively. In this case, the ther-
mal effects are mainly due to phase change in the work piece
due to temperature change on its surface, Elastic/plastics
deformation takes place due to thermal stress and due to
thermal expansion, and the dimensional changes occur on
the work piece.
The overall values has been recorded due to thermal effect –
temperature distribution on tube, tube plate and work piece
with tool on work piece has been shown in Table 5.
3.1.2.2. Total heat flux. The rate of heat energy transfer is
through a given surface per unit surface. The heat flux density
is the heat rate per unit area. Here heat flux density is mea-
sured in [W/m2]. Heat rate is a scalar quantity, while heat flux
is a vector quantity. To define the heat flux at a certain point in
space, one takes the limiting case where the size of the surface
becomes infinitesimally small [12].
In this analysis, the amount of heat is transferred to the
work piece and amount of heat is observed by the material
due to its physical properties. We have calculated the heat flux
over the surface of the tube plate and the heat flux produced in
the tube. In Fig. 17, only tube plate has been considered for
calculating the heat flux and it explains the heat flux of mini-
mum and maximum values of 0.05634 W/mm2 and
0.78147 W/mm2 respectively. In Fig. 18, only tube has been
considered for calculating the heat flux and it explains the heat
flux of minimum and maximum values of 0.057971 W/mm2
and 0.66743 W/mm2 respectively.
In Fig. 19, both tube and tube plate have been considered
for calculating the heat flux and it explains the heat flux of
minimum and maximum values of 0.05634 W/mm2 and
0.78147 W/mm2 respectively. In Fig. 20, whole tool and tube
plate have been considered for calculating the heat flux and
Table 5 Temperature distribution values due to thermal effect
for type 1 condition.
Type Temperature distribution (C)
Tube Tube
plate
Work
piece
Work piece
with tool
1 Min 1119.7 1337.2 1119.7 768.72
Max 1500 1503.3 1503.3 1503.3
Figure 17 Heat flux around the tube plate.
Figure 18 Heat flux over the tube.
Figure 19 Heat flux around the tube and tube plate.
Figure 20 Heat flux over the work piece and tool.
Table 6 Heat flux values due to thermal effect for type 1
condition.
Type Heat flux (W/mm2)
Tube Tube
plate
Work
piece
Work piece
with tool
1 Min 0.057971 0.05634 0.78147 0.029105
Max 0.66743 0.78147 0.05634 0.80475
108 S. Pandia Rajan et al.it explains the heat flux of minimum and maximum values of
0.029105 W/mm2 and 0.80475 W/mm2 respectively.
Overall values of the thermal effect – heat flux have been
formulated in Table 6 for the type 1 condition. The values
for tube, tube plate and work piece with tool are shown in
Table 6.3.2. Type 2 – Flat plate with tube having holes on its inside edge
First the welded flat plate and tube with holes on its edges have
been meshed well each other with the tungsten tool. All the
values are in the metric unit systems. Fig. 21 shows the total
mesh being with both work piece and the tool. From this
Figure 21 Fully meshed tool and the work piece with holes.
Figure 22 Stress over the tube.
Graph 4 Variation b/w stress and time.
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for the type 2 conditions.
3.2.1. Type 2 – Frictional effect
Friction is both a necessity and a disadvantage in engineering
design. The force required to overcome the friction between
two surfaces in contact is proportional to the force acting to
push the two surfaces together, i.e. the normal force, the exact
nature of surfaces and the materials involved. It does not
depend on the area of contact between the surfaces. Here fric-
tional effect has been analyzed for the tube with holes. In this
tube material, there is a series of holes on its edges, due to gap
on its structure. The atoms and molecules get distributed and
strength of bonding between the atoms gets distributed. Fig. 22
shows the frictional effect on all over the tube. The values of
about 744.71 MPa and 13,126 MPa were recorded for the min-
imum and maximum values for equivalent stress across its
structure. Graph 4 shows the variation of effect over the period
of the time. Time is measured in seconds in x axis where else
stress is calculated in MPa in Y axis.
Due to the shear force and gap included in the tube, the
deformation of material takes place to the properties of mate-
rials changes more over the period of time. At the junction of
tube and tube plate, the inelastic deformation takes place and
deformation keeps on increasing from its point of contact. The
total deformation has been recorded for the combination of
tube and tube plate by analyzing Frictional effect. The analysis
carried out by joining both the pieces and stress value has been
recorded. Fig. 23 shows the frictional effect on all over the tube
and tube plate. The values of about 0 MPa and 18,782 MPa
were recorded for the minimum and maximum values for
equivalent stress across its structure. Here the center surface
of the tube and tube plate has high value of equivalent stress
in its surface. Graph 5 shows the variation of effect over the
period of the time. Time is measured in seconds in x axis where
else stress is calculated in MPa in Y axis.
Here the total deformation due to various forces has been
recorded for whole structure with tool and the work piece.Due to poor bonding between atoms and moles due to holes
present at its edges, the total deformation occurs more at its
joints. Fig. 24 shows the frictional effect on all over the tool
and work piece. The values of about 0 mm and 0.64391 mm
were recorded for the minimum and maximum value for equiv-
alent stress across its structure. Here the center surface of the
tube and tool has high value of equivalent stress in its surface.
The overall values have been recorded due to frictional
effect on tube, tube plate and work piece with tool and also
total deformation on work piece has been shown in Table 7.
3.2.2. Type 2 – Thermal effect
A thermal analysis calculates the temperature distribution and
related thermal quantities in a system or component. Typical
Figure 23 Stress over the tube and tube plate.
Graph 5 Variation b/w stress and time.
Figure 24 Total deformation over the tube and tube plate.
Table 7 Equivalent stress values due to frictional effect for
type 2 condition.
Type Equivalent stress (MPa) Total deformation (mm)
Tube Tube plate and tube Tube and tube plate
2 Min 744.71 0 0
Max 13,126 18,782 0.64391
Figure 25 Temperature distribution around the tube.
110 S. Pandia Rajan et al.thermal quantities of interest are the temperature distributions,
the amount of heat lost or gained thermal gradients and ther-
mal fluxes.
3.2.2.1. Temperature distribution. In this investigation, we have
calculated the temperature over the surface and the heat flux
produced in the tool and the work piece. In Fig. 25, only tube
has been considered for calculating the temperature and it
explains the temperature of minimum and maximum values
of 1110.5 C and 1500 C respectively. In this case, the temper-
ature was maximum at its center and temperature decreases
when it moves away from the center of the work piece.
In Fig. 26, both tube and tube plate have been considered
for calculating the temperature and it explains the temperature
of minimum and maximum values of 1110.5 C and 1503.3 C
respectively. In Fig. 27, whole tool and tube plate have beenconsidered for calculating the temperature and it explains the
temperature of minimum and maximum values of 767.8 C
and 1503.3 C respectively. In both cases, the temperature
was maximum at its center and temperature decreases when
it moves away from the center of the work piece.
The overall values have been recorded due to thermal effect
– temperature distribution on tube, tube plate and work piece
with tool on work piece has been shown in Table 8.
3.2.2.2. Total heat flux. The rate of heat energy transfer is
through a given a surface per unit surface. The heat flux
Figure 26 Temperature distribution around both tube and tube
plate.
Figure 27 Temperature distribution all over the tool and the
work piece.
Table 8 Temperature distribution values due to thermal effect
for type 2 condition.
Type Temperature distribution (C)
Tube Work piece Work piece with tool
1 Min 1110.5 1110.5 767.8
Max 1500 1503.3 1503.3
Figure 28 Heat flux around the tube.
Figure 29 Heat flux around the tube and tube plate.
Figure 30 Heat flux over the work piece and tool.
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measured in [W/m2]. Heat rate is a scalar quantity, while heat
flux is a vector quantity. To define the heat flux at a certain
point in space, one takes the limiting case where the size of
the surface becomes infinitesimally small.
In this analysis, we have calculated the heat flux over the
surface of the tube plate and the heat flux produced in the
tube. In Fig. 28, only tube has been considered for calculating
the heat flux and it explains the heat flux of minimum and
Table 9 Heat flux values due to thermal effect for type 2
condition.
Type Heat flux (W/mm2)
Tube Work piece Work piece with tool
1 Min 0.057415 0.78147 0.029447
Max 0.68093 0.05634 1.1344
112 S. Pandia Rajan et al.maximum values of 0.057415 W/mm2 and 0.68093 W/mm2
respectively.
In Fig. 29, both tube and tube plate have been considered
for calculating the heat flux and it explains the heat flux of
minimum and maximum values of 0.056195 W/mm2 and
0.82544 W/mm2 respectively. In Fig. 30, whole tool and tube
plate have been considered for calculating the heat flux and
it explains the heat flux of minimum and maximum values of
0.029447 W/mm2 and 1.1344 W/mm2 respectively.
Overall values of the thermal effect - heat flux have been
formulated in Table 9 for the type 2 condition. The values
for tube, tube plate and work piece with tool are shown in
Table 9.
4. Conclusion
The results for the both Type 1 and Type 2 Conditions are
listed in the table above for frictional and thermal effect. In
type 1 condition, the equivalent stress obtained was
10,486 MPa and total deformation was about 0.57746 mm.
The material property of the work piece was changed due to
the force applied on it. The temperature distribution occurred
on the entire tool and work piece was 1503.3 C, and the heat
observed through a particular area was 0.8475 W/mm2. Else
for type 2 conditions, the tube has some holes on its inside
edges, this makes more changes in mechanical and thermal
properties due to disturbance in atomic structure of the work
piece. The equivalent stress obtained was 18,782 MPa and
total deformation was about 0.64391 mm. The temperature
distribution occurred on the entire tool and work piece was
1503.3 C, and the heat observed through a particular area
was 1.1344 W/mm2. When compared to both type 1 and type
2 conditions, the frictional effect has more impact on type 2
conditions, the stress attained was about 18,782 MPa the value
more than the type 1 conditions and deformation in the work
piece was 0.64391 mm in type 2 condition which is due to the
holes present in the tube and changes due to mechanical
behavior. In thermal effect, the temperature distribution hasmore or else same value for type 1 and type 2 conditions,
but due to holes present in the type 2, the total heat flux is
more in the type 2 conditions.
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